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Abstract 
In this paper, deposition of Ni-base Inconel 625 mixed with nano-TiC powders using laser aided additive manufacturing 
(LAAM) was studied. Micro-structure and mechanical properties were intensively investigated. The results showed that 
nano-size TiC distributed uniformly throughout the Ni- matrix. Inconel 625 can be reinforced by the strengthened grain 
boundaries with nano-size TiC. Improved micro-hardness and tensile properties were observed.  
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1. Motivation  
Metal matrix composites (MMCs) have found applications in many areas of daily life for quite some time 
due to the unique properties and functionality which are not feasible with traditional materials. Primarily three 
processing methods have been used to develop MMCs: high-pressure diffusion bonding, casting, and powder-
metallurgy techniques [1]. More specifically, the diffusion-bonding and casting methods have been used for 
continuous-fiber reinforced MMCs. Discontinuously reinforced MMCs have been produced by powder 
metallurgy and pressure-assist casting processes [1]. Recently, Laser-engineered net shaping was adopted to 
deposit the TiC reinforced Ni-based metal matrix composites and carbide-particle-reinforced Titanium 
Aluminide-matrix composites [2, 3]. In these two studies, micro-size carbides were adopted as reinforcement 
components. High volume/weight percentage of the carbides needs to be added to achieve required wear or 
mechanical properties. In some cases, preheating is necessary to avoid cracking caused by the thermal 
mismatch and poor wettability between the metal powders and the carbides.  
The development of nano-technology and nano-materials extends the development of the alloys with tailored 
properties. It is reported that both thermal and mechanical properties of the solder material can be significantly 
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improved by adding a small amount of nano-particles [4]. In some studies Al2O3 nano-powders were added to 
the micro-size powders for laser cladding to improve the wear property of the clad surface [5, 6].  Another 
study was reported using laser deposition for synthesis of TiC/H13 tool steel (both size micrometric powder) 
and TiC (nanometric powder)/H13 tool steel (micrometric powder) with different concentration of TiC [7]. 
Aim of this study was to improve the hardness of the clad layer for wear protection. However, no research 
work has been reported to fabricate metal matrix composites using laser and nano powders as reinforcement 
components to improve the mechanical properties.  
In this paper, laser aided additive manufacturing (LAAM) was adopted to deposit Ni-based Inconel 625 
using nano-TiC particles as reinforcement components. Micro-structures were studied using optical micro-
scope and SEM. Mechanical properties including micro-hardness, tensile strength, yield strength and 
elongation were intensively investigated. Influence of the different weight percentage of the nano-particles on 
the properties of the deposited material was analyzed. 
2. Experimental 
A laser aided additive manufacturing system developed at Singapore Institute of Manufacturing Technology 
was utilized in this study. The optical head and powder feeding nozzle were mounted on a 6-axis robot system. 
A 6 kW fiber laser system (IPG Photonics), operated at CW mode with wavelength of 1060-1070 nm, was 
integrated to the robot system. Argon gas was used as powder carrier gas, as well as the shielding gas to 
prevent the melt pool from undergoing rapid oxidation at elevated temperature. Powders were delivered to the 
powder feeding nozzle by a Twin 10-C powder feeder from Sulzer Metco. 
Commercially available, gas atomized Inconel 625 powders were used in this study. Size of the spherical 
powders was in the range of 20-45 μm.  Fig.1 shows the chemical composition of the powders by weight 
percentage. Nearly spherical nano-TiC powders were premixed with Inconel 625 powders. The particle size 
was 80-150 nanometers. Three different ratios of TiC and Inconel 625 in weight percentage were investigated, 
namely 0.25/99.75, 0.5/99.5 and 1.0/99. Rectangular blocks were deposited onto carbon steel substrates to 
fabricate the standard tensile test coupons, study the micro-hardness and analyze the microstructure. Fig. 1 (a) 
shows the dimension of the deposited rectangular blocks schematically. After deposition of the blocks, they 
were separated from the substrates and cut in five pieces to fabricate the tensile test coupons. Fig. 1 (b) shows 
the test coupons fabricated based on the ASTM E8 standard.  
 
Table 1. Chemical composition of the Inconel 625 powders used for LAAM 
Element Ni Cr Co Mo Al Ti Fe C Si CbTa 
wt% Bal 21.96 0.04 9.2 0.05 0.1 1.99 0.02 <0.1 3.75 
 
As part of the sample preparation procedure, the as-deposited samples were sectioned and polished down to 
0.05 μm finish. Samples were then etched using Kalling's No. 2 (5g CuCl2, 100 ml Hydrochloric acid and 100 
ml Ethanol) for micro-structural analysis. Microstructures were examined by optical microscope (MX51, 
OLYMPUS) and SEM (EVO-50 & ULTRA plus, Carl Zeiss) with simultaneous elemental analysis using EDS 
(X-Max, Oxford Instruments).  Micro-hardness of the as-deposited samples was examined using Matsuzawa 
MMT-
tests were conducted at room temperature using Instron 4505 tensile test machine. 
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a. b. 
Fig. 1. (a) Schematic drawing of the block built for fabrication of tensile test coupons and; (b) Tensile test coupons fabricated based on 
ASTM E8 standard
3. Results and Discussion
3.1 Micro-hardness
Fig. 2. Comparison of micro-hardness
The micro-hardness was measured in the cross-section of the deposited blocks. Totally 15 measurements 
were conducted for each sample and the average was used for comparison. As shown in Fig. 2, the micro-
harness of the deposited Inconel 625 with nano-TiC is about 12 % higher than the original Inconel 625
material. No obvious difference of the micro-hardness among the deposited Inconel 625 with different wt% of 
nano-TiC powders can be observed. The improvement of micro-hardness by adding nano-TiC with investigated 
weight percentages in this study is not very significant, capered to the results by adding micro- and nano-TiC
particles to H13 steel as reported in the literature [7]. On one hand, very low amount of nano-TiC powders was
added into the micro-size Inconel 625 powders. On the other hand, most of the TiC particles are mainly found
at grain boundaries in this study, as shown in Fig. 4. As reported in the literature [7], higher amount of the 
micro- and nano-TiC particles were used and they distributed in all section of the deposited layer. As a result,
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significant increase of mciro-hardness was observed in the literature [7]. Furthermore, finer micro-structure of 
the deposited Inconel 625 by adding nano-TiC can be observed, as shown in Fig. 3. This can contribute the 
increase of the micro-hardness of the deposited Inconel 625 with nano-TiC.  
 
      
a.                                                                                               b.  
Fig. 3 (a) Optical micrograph of the deposited pure Inconel 625 and; (b) Optical micrograph of the deposited Inconel 625 + 0.5 weight% 
nano-TiC 
3.2 Micro-structure  
 
(a) Pure Inconel 625, (b) Inconel 625 + 0.25 weight%  nano-TiC, (c). Inconel 625 + 0.5 weight% nano-TiC and  
(d) Inconel 625 + 1 weight%  nano-TiC 
Fig. 4 SEM images of the deposited Inconel 625 taken in the cross-section of the blocks 
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Fig.s 4 (a) to (d) show the SEM images of the deposited Inconel625 with different weight percentages  of 
nano-TiC powders. It can be observed clearly, that the deposited pure Inconel 625 shows obvious directional 
growth of the grains which is affected by the heat flow during melting/solidification cycle. By adding nano-TiC 
powders, significant change of the micro-structure can be observed. The solidification tends to change from 
columnar to cellular. Furthermore, the grains are refined compared to the deposited pure Inconel 625. The SEM 
images 4 (c) to (d) also reveal large amount of small bright particles in nearly spherical shape.  
 
 
Fig. 5 SEM images of the deposited Inconel 625 with 0.5 weight% nano-TiC taken in the cross-section of the block 
  
a.                                                                                             b.  
Fig. 6 (a) Electron image showing the location of the EDX analysis; (b) EDX spectrums showing the intensity of different elements 
Fig. 5 shows the example of SEM image in higher magnification to identify the particles. The size of the 
particles is roughly in the range of 50-200 nm, which is quite similar to the original nano-powders applied. 
EDX analysis was performed exactly on the selected spherical white particles, as shown in Fig. 6. The 
spectrums show extremely high intensity of Ti and C elements existing in the interested area. This means that 
the white particles are most likely TiC type of carbides. As high amount of TiC particles exist and their size 
and shape are quite similar to the original nano-TiC powders, the carbides should be the added nano-powders 
dissolved in the melted Inconel 625 matrix.  
Nano-size TiC 
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As the melting temperature of nano-TiC powders is around 3200 °C, the particles have high chance not to be 
melted and remain in the melted Inconel 625. To further verify the concept, the agglomerated nano-size TiC
powders were on purpose mixed with Inconel 725 without well blending and deposited using the same process
parameters as before. Fig. 7 (a) shows the SEM image of the deposited material examined in the cross-section. 
In some area, the agglomerated nano-TiC particles can be clearly observed. In comparison to the as-received
nano-TiC powders, their size and morphology are nearly identical.
 
         
(a)                                                                   (b)  
Fig. 7 SEM micrographs of (a) the deposited Inconel 625 with agglomerated nano-TiC powders and
b) morphology of the as-received nano-TiC powders 
3.3 Tensile Properties  
(a) (b)
Fig. 8 (a) UTS and YS and (b) Elongation of the deposited Inconel 625 with different wt% of nano-TiC
Fig. 8 (a) shows the comparison of the ultimate tensile strength (UTS) and yield strength (YS) of the
deposited Inconel 625 with different weight% of nano-TiC. It can be observed that by adding nano-TiC the 
tensile properties of Inconel 625 can be significantly improved. There is a clear trend of increasing UTS and 
YS with increasing amount of nano-TiC powders added to Inconel 625 powders.  With addition of 1% nano-
TiC powders, the UTS and YS can be increased about 18.5% and 30%, respectively, compared to the deposited 
pure Inconel 625.  As shown in Fig. 7 (b), addition of nano-TiC powders can also improve the elongation.
Agglomerated nano-TiC
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The reasons of improvement of the UTS and YS by adding nano-TiC powders can be summarized in two 
aspects. First of all, the nano-TiC can function as grain refiner to change the solidification condition, the micro-
structure, size and the morphology of the grains. These have been verified by the optical and SEM micro-
graphs. Smaller grain size will result in increased amount of applied stress necessary to move a dislocation 
across a grain boundary. Similarly, more grain boundaries create more opposition to dislocation movement and 
in turn strengthen the material. Grain refinement can also contribute to the improvement of elongation.  
Secondly, MC type of carbides is one of effective strengthening phases for Inconel 625. As a result, the nano-
TiC particles distributed in the Ni-matrix can function as strengthening components.  
The tensile properties obtained in this study are better than the Inconel 625 MMC fabricated by adding 10-20 wt% Ni-
coated micro-TiC and using Laser Engineered Net Shaping (LENS) process [2]. This is due to the different mechanism 
when adding micro-TiC powders to Inconel 625. The grain refinement function of micro-TiC is limited. The interfaces 
between the TiC particles and Ni-matrix are the weak points and the failure initiates from these locations when the material 
undergoes the tensile test. The deposited material is very brittle in nature, which is evidenced by the low elongation.   
4. Conclusions 
Deposition of Inconel 625 with addition of different amount of nao-TiC powders using LAAM process was 
investigated. The micro-hardness, micro-structure and tensile properties of the deposited material were studied 
and compared. Based on the results and discussion, the conclusions can be drawn as follows: 
 Nano-TiC powders can be used to reinforce Inconel 625 using LAAM process 
 Nano-TiC powders can function as grain refiners to obtain smaller grains and cellular grain structure 
 The grain refinement and nano-TiC particles contribute to the increase of micro-hardness  
 The significant  improvement of tensile properties can be attributed to the strengthening effect and 
grain refinement by adding nano-TiC particles 
References 
[1] Rawal S. Metal-Matrix Composites for Space Applications, JOM 2001; 53, 14-17 
[2] Zheng BL, Topping T, Smugeresky JE, Zhou YZ, Biswas A, Baker D, Lavernia EJ. The influence of Ni-coated TiC on laser-   
      deposited IN625 metal matrix composites. Metall Mater Trans A 2010; 41A, 568-573 
[3] Liu WP, DuPont JN. Fabrication of carbide-particle-reinforced Titanium-Aluminide matrix composites by laser-engineered  
      net shaping. Metall Mater Trans A 2004; 35A, 1133-1140 
[4] Nai ML, Wei J and Gupta M. Effect of Carbon Nanotubes on Shear Strength and Electrical Resistivity of a Lead-free Solder,  
      J Electron Mater 2008; 374, 515-522 
[5] Yu SR, Liu Y, Ren LQ, Li W. Development of laser-cladding layers containing nano-Al2O3 particles for wear-resistance  
      materials. Metall Mater Trans A 2006; 37A, 3639-45 
[6] Wang HY, Zuo DW, Sun YL, Xu F, Zhang D. Microstructure of nanometer Al2O3 dispersion strengthened Ni-based high- 
      temperature protective coatings by laser cladding. Trans. Nonferrous Met. Soc. China 2009; 19, 586-91 
[7] Rouco V, Montealegre Mª Á, Rey P, Castro G, González M, Arias JL. Comparison of Metal Matrix Nanocomposite and  
      Microcomposite Layers on AISI H13 Tool Steel Surface by Addition of TiC Nanoparticles and Microparticles by Laser  
      Cladding. Proceedings of  31st International Congress on Applications of Lasers & Electro-Optics (ICALEO), 23-Sep-2012 to  
      27-Sep-2012, Anaheim, California, USA, 166-175  
